Simulation study of the collapse of linear and ring homopolymers
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The thermodynamic and kinetic properties of Lennard-Jones homopolymers are studied by
computer simulation of the homopolymer at constant temperature and during collapse following an
abrupt temperature drop. The homopolymer dynamics is simulated using both the Gaussian phase
packet dynamics algorithm, which provides an approximate solution of the Liouville equation for
the time dependent classical density distribution, and conventional molecular dynamics. Numerical
simulations of both linear and ring polymers are analyzed and compared with theoretical
predictions. The results support the idea that homopolymer collapse is a two-stage prock3s5 ©
American Institute of Physics.

I. INTRODUCTION two phases differ primarily in their fluctuation regimes. The
radius of correlation of density in the globule is small com-
Understanding the mechanism of protein folding remaingyared to its size; in the coil state it is of the order of its size.
a central problem of molecular biology. The problem of howTpe phase transition between the coil and globule state was
to dete_rmine_the final unique globular conformation and thepredicted“ to be a weak first order transition with a latent
dynamic folding pathway continues to be the focus of manyheat ang density jump per particle which vanish at the tran-
researchers.Considerable progress has been made in botl%ition point as the size of the molecule increases. The sim-

experimentdl and theoreticdl studies. Recent experimental plest macromolecular model which manifests the fundamen-

. . e 11 .
studies an_d compute_r3|mulat|_(§n studies strongly ;uggest tal properties addressed in Lifshitz’ theory is the so-called
that protein folding is a multistage process, the first stage . .
being the collapse of the molecule to a compact conforma§tamla_r(JI Gaussian model. In this model, the polymer_ mol-
tion, followed by rearrangement to acquire the native fold.eqjle is represented ;’N beads cpnnected by a fI“eX|bIe )
The first stage of folding, compaction, was studied in detaiftiNg; thus the Gaussian model is also called a *beads
recently by Socci and Onuclizising Monte Carlo simula-  Model. . o

tions of a short, 27 monomer lattice model protein. These A general scenario for the kinetics of the collapse of a
authors showed that the rate of this burst compactizatiofiexible polymer coil has been presented by de Gennas.
stage is sequence-independent, which makes it similar to th@xpanding sausage model” was used to describe the col-
collapse of a homopolymer. Therefore it is reasonable to belapse of the polymer molecule. His scenario predicts that the
lieve that insights into the character and mechanism of thgolymer chain first collapses to a sausage-shaped object
fastest stage of protein folding may be gained from a detailegivhere the subunits of the chain, called “blobs,” tend to stick
analysis of the thermodynamics and dynamics of collapséogether. This corresponds to the relaxation of short length
transitions in a simple homopolymer. Another reason toscale properties. In the second stage of collapse, the “sau-
study the collapse transition in homopolymers is that it maysage” grows with the hydrodynamic friction until the mol-
help to test various analytical approaches and assess the \&ule reaches the final spherical form. During the collapse of
lidity of different approximations made in theoretical the polymer, the density is predicted to increéaed reach
studies:***In the present paper, we restrict our attention to ag equilibrium valug¢ much faster than the shape of the mol-
Lennard-Jones homopoly_mer Nf monomers. _ ecule relaxes to equilibrium.

AS one of t_he most important ph?”om_ef‘a " polymer A more detailed scenario of the kinetics of homopolymer
physics, the coil-globule p_hase transition vividly 'IIUStrate_Scollapse was presented by Grosberg, Nechaev, and Shakh-
many fundamental properties of polymer systems. The pio- . 16 S

) ) I ; novich (GNS).”° They proposed that the kinetics of collapse
neering research on this transition was stimulated by the

puzzle of protein denaturation, in which the protein moIecuIeOf a polymer coil following an abrupt decrease in tempera-

undergoes a cooperative, sharp transition accompanied kwre is a two-stage process. The first stage leads to a so-called

changes of many of its physicochemical characteristics, in-c'Umpled globule” where the monomers proximal along the

cluding loss of biological activity. The approach to the coil- chain are most likely to be proximal in space. The crumpled
globular transition based on a generalization of Flory theoryglobule is predicted to be formed through a self-similar pro-
was proposed by Ptitsyn and Eisner in 1964 he funda- C€SS SO that its features persist on all length scales. This
mental theoretical approach to the study of the coil-globulemakes a crumpled globule a fractal object. On a length scale
transition in polymer systems was proposed by Lifsfiitz larger thanN, the chain domains of the fractal globule are
who pointed out that the coil and the globule are two differ-segregated from each other in spadé, (s the well-known

ent macroscopic phase states of the polymer chain. Thegmrameter of the reptation modéi*) For the crumpled

Dot dEDYS 1403 60 -3-Augush 199505 ~RedRQRLRBAQR AR CRY2RESLHREE000 - copyri@ L 995AMBY G ISR, BE FINSies jsp 2615



2616 Ma, Straub, and Shakhnovich: Collapse of homopolymers

globule, the density inside the “blobs” is close to the final mopolymers using the MD and GPP methods. We focus on

globular density while the “blobs” are still spatially segre- the comparison of simulation data and theoretical predictions

gated. for the collapse kinetics. A brief summary and discussion is
The second stage of homopolymer collapse in the GN$rovided in section IV.

scenario is chain quasi-knotting in which the crumpled glob-

ule continues to shrink through topological relaxation to the

final equilibrium state. The key difference between thell. METHOD

crumpled and equilibrium globules is that in the crumpled ) ) o ) .

globule monomers which are neighbors along the chain are !N this section, we begin with a discussion of the Gauss-

more likely to be neighbors in space, while in the equilib-12n Phase packelGPP approximation to the classical den-

rium globule monomers distant along the chains are mordty distribution. We then define the equations of motion of

likely to be in contact. Thus, in a linear chain the ends play 4he classical density distribution in the GPP approximation at

crucial role in this process, which is proposed to follow atonstant temperature.

reptation-type mechanism. Not surprisingly, the characterisa, Statistical mechanics background of the GPP

tic time of this process scales with the number of monomersnethod

N asN3. Naturally, a ring polymer would not have this sec-

ond relaxation stage; for such polymers the crumpled globule

state is expected to be the natural consequence of compac(ﬂ

zation. Compact ring polymers are predicted to be in the

crumpled globule state for an indefinitely long time. <A>:f ddrf dpp(r,p,t)A(rP), 1)
Atest of these theoretical predictions in a real or numeri'wherep(rp t) is the phase space density distribution, the

cal experiment is important to estimate the adequacy of th'ﬁme evoiut'ion of which is described by the LiOU\;iIIe

concept of a crumpled globule. In this paper, we present %quaﬂoﬁoﬂ

computer simulation study of homopolymer collapse and

compare our results with the predictions of the GNS sce- ¢ o

nario. In our model homopolymer, the interaction potential gt p(1p.) == Zop(rp,1), 2

between any two beads is a typical Lennard-Jones 12-6 po- I o

tential form. We study in parallel the behavior of ring and Wwhere o is the Liouville operator

The standard canonical ensemble average of a physical
uantity A(r,p) takes the forn?

linear polymers because, as was stated above, they are pre- . b
dicted to differ in the character of their equilibrium compact J”[O:M Vi +F()-Vy ©)
state.

and whereF(r) is the force andv the massF(r), r, and

p are d-dimensional vectors. In the Gaussian phase packet
approximation, the phase space density distribution function
for each particle ird dimensions is a single spherically sym-

We employed the conventional molecular dynamics

4

(MD) method and an approximate numerical simulation
technique, Gaussian phase packéPP dynamics, devel-
the normal MD method, as our simulation tools. The GppMetric Gaussian function
meth(_)d is basgd on an approximate S(_)Iution of _the classical . J1—a21d 1(r=rg 2 1 P—Po 2
Liouville equation using a product of single particle Gauss-  P(Ip,t)= m ex 5 0. 5 oy
bution. The parameters of the density distribution obey varia- r—ro\{P—Po
tionally optimized equations of motion. As such, one can Ta o, oy ||
replace the calculation of a single trajectory in normal MD,
tinuous distribution of trajectories, which visit a much larger MUSt be calculated in order to fully defingr,p,t). The
volume of phase space. The GPP method can be generaﬁ‘)guat'ons of motion can be derived for both constant energy
regarded as an approximate enhanced sampling algorithrﬂ.nd constant temperature dynarfits.
phase space sampling statistics are improved over those of .
conventional molecular dynamics simulation. However, theB- Gaussian phase packets at constant temperature
results are approximate while those of MD are in principle  The constant temperature constraint can be applied using
methods demonstrates the advantages and shortcomings of
the GPP method. _ P _ o
i i o o S=— -V, +(F)—yp)-Vo=%0—vp- Vy, (5

In this paper, after a brief description of the statistical VAR YR Vp= Zom 1PV
ism of_GPP dynamics gt constant temperatur_e and the COM&traint equation
sponding temperature jump strategy. In section lll, we dis- 5
cuss the simulation results for both the thermodynamic and dT_ 1 d(p9)

oped recently by Ma, Hsu, and Strafilas an alternative to

ian phase packets to represent the phase space density distri-

which explores a line of points in phase space, with a confo: Po; Tas b, and a, which depend explicitly on time,
For applications to Lennard-Jones clusters and fluids, the

exact. The parallel comparison study of the MD and GPRsauss’ principl€? We write the generalized Liouvillian
mechanics background in section Il, we outline the formal'wherey is determined by the general temperat(ifg con-
kinetic properties of the linear and ring Lennard-Jones ho- dt dkgM dt

=—n(t). (6)
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If » is zero, the temperature is held rigorously constant. For The effective potentia[Eq. (8)] corresponding to the
7 equal to a constant greater than zero, the temperature willennard-Jones potential cannot be calculated in a closed

decrease linearly in time. form for the GPP representation of the density distribution.
The resulting equations of motion for the Gaussian phas&/e chose to fit the Lennard-Jones 6-12 potential to a sum
packet art® of four Gaussiané? The parametersa ,b,) for the potential
fit of V(r)=3,a, exp(—br?/2) given in Lennard-
,ZO:@ . Po=—V, (V)= ¥Po, Jones reduced units are(8.467 06 10°, 30.928 8},
M 0 (2.713 65X 10°% 14.963 75, (—0.7154420, 1.279242 and
) 2 ) 1 (—9.699 172, 3.700 745 These parameters were derived
MZ'OIM My, M“:M Mg o— Pl MZ,OVE()(V)— YMy 1, from a fit to the force and were found to provide a good

@) representation of the Lennard-Jones 12-6 potential and the
corresponding force. Lennard-Jones reduced units are used
throughout the study.

All of the MD and GPP simulations employed the fol-
lowing protocol for both linear and ring polymers.

(1) The initial polymer configurations were chosen ran-
domly in three-dimensional space with the bond lengths set
equal to the equilibrium lengta= 2 in Lennard-Jones re-

B d g duced units. The initial random conformations of ring poly-
<V>=f d rj dpp(r,p,HV(r). ()  mers were generated by HyperChem on a Silicon Graphic
workstation. Typically, the initial bond lengths of the ring
polymers were not exactly equal to the equilibrium distance.

: 2
Moo=~ d M 1,1Vr20<V>_ 2yMopz,

where theM, , are the moments of the distribution defined
asMp,  ={(r—ro)"(p—po)*). Note that{V) is the bare po-
tential energy averaged over the phase space distribution

The value ofy is determined by the constraint equation

dkgM 7/2+py- Fo— Ml,1Vr20<V>/d Any small deviations relaxed during the equilibration.
y= , (9) (2) The equations of motiofEgs. (7) and(9)] were in-
Pot Moz tegrated using the Bulirsch-Stoer metfddith an internal
where the value of(t) determines the cooling schedule. We relative error tolerance of 10.
have used the fact thgp?)= p§+ Mg2. While the discus- (3) We chose the initial values @ andM { ; to be zero.

sion above is focussed on a single particle systerd oi- The moments were chosen to be in the ranile,
mensions, generalization of these equations toNabody e [0.75,3.® and Mo,=dMkgT whereT is the desired
system is straightforward when tiebody density distribu-  temperature.

tion is approximated: (4) At the beginning of the simulation, the system was
N integrated at constant temperature until it was judged to be at

p(rN,pN,t) = H p(Fe,Pst) (10) equi_librium.. All measurements were j[aken after th_e equili-
k=1 bration period. The results for the static and dynamical prop-

erties for both linear and ring polymers using the MD and

. . . . . . 3
as a product of single particle density distributidfté: GPP methods are presented below.

I1l. APPLICATION TO LJ HOMOPOLYMERS
i ) o . B. Thermodynamic properties of the LJ
We begin with a general description of the numericalnomopolymers

simulation strategy. This is followed by the results for the

thermodynamic and dynamic properties of both linear and AN important measure of the polymer system is the gy-
fing polymers. ration radiusR, defined as the root-mean-square distance

between each monomer and the center of mass, e.g., for the

A. Numerical simulations GPP method
In our simulation, the polymer chains were modeled us- 1 N
ing (1) a relatively soft harmonic bond between neighboring RSZNE [(r§—ro)?+M5gl, (13
sites k=1
, whereN is the number of monomers in the chaig,is the
V=2 k(Iril=1p)?, (11) @

center of mass of the polymer, am§® and M(Z‘% are the
wherel, =28 is the equilibrium bond length and=10 is  center and squared width of the packet representing the den-
the bond force constant ari@) a Lennard-Jones pair poten- sity of the kth site. For the MD method, the width term
tial acting between all pairs of sites. The total potential en-M (2‘% equals zero. Figure 1 shows the gyration radii as func-
ergy is a sum over pair potentials of the form tions of temperature for both linear and ring 60mers using
V(r)=4(r 12— ~6) 12 the MD and G_PP methods. As expected, at high_temperatures
4 " e theR, of the linear polymer exceeds that of the ring polymer.
wherer;; =|ri—rj|. The harmonic forces between adjacentHowever, the value oRy for both the linear and ring poly-
sites determine the connectivity while the bond lengths areners converged to the same value in the low temperature
allowed to fluctuate. A detailed discussion of the bond potenlimit. In the case of the GPP dynamics the high temperature
tial is given in the Appendix. limit of Ry is reached at a lower temperature than in the MD

Downloaded-11-Jul-2001-t0-128.197.30.205.~FeGaeMu NS u el 183 AP fedPsBUgHSt dRRR)ht, ~see-http://ojps.aip.org/icpoljcper.jsp



2618 Ma, Straub, and Shakhnovich: Collapse of homopolymers

4.5

RAT) _
3.5

0.5 1 14% 2 2.5 3" 0.2 0.4 0.6 (%Iﬁ 1 1.2 14

FIG. 1. The temperature dependence of gyration radii for 60mer lifies) and ring(circles polymers. Results for the MDeft pane) and GPR(right
pane) methods are shown. At low temperatures, the two kinds of polymer systems presented here have Ryevadures. The comparison suggests that the
two methods give qualitatively similar results but differ by some temperature scale.

simulation. The comparison shown in Fig. 1 suggests that thehain. Several quantities, which are important for under-
MD and GPP results differ just by a scaling of T. standing the dynamics of the collapse of a LJ homopolymer,
It is helpful to investigate the extent of the density fluc- were measured.
tuations of the polymer chain in the course of transition. Asa  We define a “contact loop” of the polymer chain as the
measure of these fluctuations, we calculated the distributiofbop whose head monomerand end monomejr are within
of gyration radii at different temperatures. Figure 2 showshe defined contact distanée The distribution of the lengths
typical distributions of gyration radP(Ry) at high, interme-  of the contact loop$DCL) formed by the polymer chain is
diate, and low temperature from the GPP simulation. At Veryan important quantity which can be used to Statistica”y de-
high temperature, the polymer is in the random coil statescribe the geometrical structure of a polymer. In our simula-
Not surprisingly, theR, distribution is wide indicating thatin  tion we chose the head-end contact distased .3 which is
the random coil state the density fluctuations are of the Ordeélightly larger than the equilibrium bond length. We traced
of the density itself! At intermediate temperatur@lose 0 the DCL as a function of time during the collapse of the
transition fluctgattong are stil] pronounced. At I'ow.er eM- chain. Figure 3 shows the representative pictures of the DCL
perature the distribution dR, is & narrow peak indicating  ¢o hoth linear and ring 60mers, calculated from GPP dynam-
that the polymer molecule has a stable globular state at Iowq&s, after the temperature was suddenly decreased. The time
T. _These distributipns clearly demonstrate the existence of Bvolution of the DCLs demonstrates that longer loops
coil-globule transition for the LJ homopolymer. formed when the polymer chains relaxed following the sud-
C. Dynamic properties of the LJ homopolymers den temperature quench. One can see from Fig. 3 that the
The kinetics of collapse of a polymer coil after an abruptnumber of contact loops shows a rapid initial increase and
then becomes relatively stable in the long time limit. This

decrease in temperature BT was investigated. A mecha- .
nism for this Kinetic process was suggested by de Géﬁnesreflects the fast geometrical structural collapse subsequent to
the quench and the relatively stable globular state formed

and then developed, to take into account topological con-

straints, by Grosberg, Nechaev, and Shakhnotidh.was once the chain reaches equilibrium. The similarities in the
reported that one must decrease the temperature significanf§CLS Of the linear and ring polymers in the long time limit
by AT>6/NY2in order to have a significant collapse. Here means that the structures of the globular chains remain in a

9 is the temperature at which the second virial coefficientStable phase although they undergo slow internal structural
vanishe<® analogous to the Boyle temperature of gases. changes. We observed similar dynamical features of DCLs
Both MD and GPP simulations were run for 20—30 time for the conventional MD simulations.
units at higher temperature to calculate the average quantities N Fig. 4 we show the average length of the contact loop
in the coil state. This was followed by a one step suddert-, calculated from DCLs, as a function of time for both
decrease in temperatur®T. In our simulation we chose the linear and ring polymers. The results are presented for both
initial temperature of 1.5 and the final temperature of 0.6. WeMD and GPP dynamics. The values have not reached a
followed the system for a sufficiently long time after the plateau even after the polymer molecules reach a globular
guench to study the kinetics of the collapse of the polymestate where the length of the contact loop should be rela-
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FIG. 2. The gyration radii distributions for the linear 60mer are presented aBS
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(x0.3)

that in the MD for both linear and ring polymers. However,
the rate of increase df in time is significantly larger in the
GPP simulation indicating a faster reorganization.

We also present representative coordinate snapshots of
the same relaxation process in Fig. 5 taken from GPP simu-
lations. These snapshots support the conclusions drawn from
other dynamical measures of the collapse process for the LJ
homopolymer. In Fig. 6 we show the dependences of the
gyration radii on time during the process of collapse. As one
can see, the gyration radius converges to a stable value after
a steep initial decay which implies that the polymer chains
remain in a state with a stable density in the long time limit.
This indicates the presence of a transition from the coil to the
globular state of the polymer chain after the abrupt tempera-
ture drop. The final collapsed linear and ring polymers have
very similar gyration radii. Note that the GPP simulations
collapse the polymefring and lineay into a more compact
state than in the MD simulation. It is also interesting to com-
pare the gyration radii and the average length of a contact
loop. We saw a slight increase in the average loop length at
longer time while we do not see any significant change in
Ry. This behavior may correspond to the second stage of
relaxation for linear polymer chains predicted in the GNS
scenario'® This stage corresponds to reorganizatipnten-
tially chain end reptationwhich leads to formation of an
equilibrium globule with a predominance of long range
(along the sequengeontacts.

Thus, the simulations appear to support the theoretical
prediction of a two-stage collapse of a homopolyrtédn the
first stage, the polymer chain presumably collapses to a
“crumpled” state; in the second stage, the crumpled state
reorganizes further to a more globular state. It is not easy to
fully characterize the crumpled stage for our system; how-
ever, we can recognize the continuous internal movement of
the polymer chain in the globular state.

In order to study the structural properties of our chains,
we also define a quantifyg as a real space distance between
two monomers which arg monomers apart along the poly-
mer chain. The average vallr(g) is defined as

_ 1 N79
R(9)= =g & Io’~6 ", (14

where N _is the number of monomers. We calculated the
value of Rs during the collapse of the chain. The results for
at different time intervals are shown in Fig. 7. The down-

(3 high, (b) intermediate, andc) low temperature, respectively. The results Ward shifting coincides with a decrease in the physical size

presented are from GPP simulations. At highthe fluctuation in the poly-
mer size is large while there is a well definBg at low temperature.

of the polymer molecule during the collapse.

It is of particular interest to study the short length lobe of
the Rg curve. We anticipate that the short length lobe takes
the formg“ where the value of factor can be obtained by

tively stable. Note that the average length of the contact loofitting the logarithm of theRs curves. Theoretically, for a

for the ring polymer increased significantly less than that ofGaussian-like chalfi Ry(g) = g

Y2 while for the crumpled

the linear polymer. We believe this is due to the topologicalglobular_conformationRy(g) = g For the equilibrium
constraint of the ring polymefwhere the head and end are globule,R(g) ~ g for g<g. andRg « g° for g>g.. Here
joined). The slight positive slope in the curves in the longthe crossover length, is determined by the condition that
time limit suggests that the polymer chains are undergoinghe size of a Gaussian fragment of the chain is of the order of
internal conformational rearrangement in the globular statethe globule sizeR;, i.e., g.~(Ry/a)? wherea is the aver-

In the GPP simulation, the initial value &f is smaller than

age bond length. The time dependence of the exposmdot
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FIG. 3. Time dependence of the distribution of contact lo@pSL) for both linear and ring polymers. GPP dynamics results are shown. The left panel column
is for the linear 60mer(a) High temperature average whilg), (c), (d) are typical instantaneous snapshots. The right panel column is for the ring Ga@ter:
High temperature average whip’), (¢’), (d’) are typical snapshots.
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the R4(g) o g relation breaks down. We found this relation
to be reasonably accurate for chain segments of length less
than 20 for the linear and ring polymers. Again, this is due to
19f p the fact that for large chain segments, the fragment size be-
comes comparable with the size of the globule as a whole.

Our results show that the values obtained from GPP
dynamics are always smaller than those of the MD results in
the long time limit. We believe that this is due to the fact
that, at finite temperature, the potential surface smoothing
effect of the GPPs allows the polymer chains to relax more
readily than those simulated by MD. This interpretation is
consistent with the fact the equilibrium valuesRyf derived
from GPP dynamics are always slightly smaller than those of
MD. These conclusions support the notion that GPP dynam-
ics provides enhanced phase space sampfify.

20 T T T T T T

18+

L(t/7)
17f
161

15

20 T IV. CONCLUSION AND DISCUSSION
This numerical simulation study of the thermodynamic
18r ] and kinetic properties of Lennard-Jones homopolymers and
the comparison with theoretical predictions can be concluded
16 i as follows:
Lit/m) (1) From the simulation study of the thermodynamic

properties of a LJ homopolymer, we found that there does
exist a clear coil-globule phase transition of the sort theoreti-
cally predicted by LifshitZ’ This phase transition appears to
be second order.

(2) The process of collapse of the linear LJ homopoly-
mer is a two-stage process, in accord with the theoretical
prediction made by GN& In the first stage, the polymer
becomes compact. In the second stage, the subsequent relax-
ation appears to involve the migration of chain ends and is
correlated with changes in the topological structure of the
chain.

FIG. 4. Time dependence of the average lerigthf the contact loop for (3) The structural properties of the linear and ring poly-

linear (lines) and ring(circleé molecules. R_esults are shown for both MD mers are drﬁerent, the r|ng polymer exhibits certain features
(upper paneland GPP(lower panel dynamics. The curves show that the of the crumpled globule.

length of the contact loop increases significantly during the collapse for the ) .
linear polymer while the ring polymer shows a relatively small change. (4) The dynamical mechanism of LJ homopolymer col-

lapse does not appear to involve an activation barrier.

(5) Comparison of approximate GPP dynamics with ex-
the collapse processes are shown in Fig. 8. dlvalues start act MD simulations shows that GPP simulations provide a
around 1/2 in the high temperature limit and decay quicklyreasonably accurate representation of the system thermody-
following the temperature quench. This behavior is consisnamics and dynamics. Differences arise in the rate of relax-
tent with the results for the time dependence of the gyratioration at low temperatures indicating the GPP dynamics are
radii. In the high temperature regime we can consider thenore effective in allowing reorganization in the compact
polymer to be an ideal chain. The values derived from state.
simulation for the linear and ring molecules are in reasonable  Simulation of the coil-globular transition was the subject
agreement with the theoretical predictions. At long times, of several previous studié$?82°Most of these studies em-
asymptotically reaches its equilibrium value. From the simuployed MC simulation techniques in lattice models. The pos-
lations, we found ther value at the final stage to be 1/3 for sible two-stage character of the collapse transition was noted
the ring polymer and a smaller value for the linear moleculeby Kron et al. as early as in 1968. In recent work by Chan
The simulation data give the final value af=1/3 for the and Dill} a two-stage collapse transition was observed at
ring polymer which supports the assertidthat such poly- very low temperature. However, the origins of the stages
mers are in the crumpled globular state. For the linear polyebserved by Chan and Dill and the one reported in this paper,
mer case, we see a smaltevalue which again supports the as well as predicted by the GNS scenario, are quite different.
theoretical prediction that the linear polymer molecule cariThe second stage which Chan and Dill observed only at very
reach an equilibrium globular state through a slow head-entbw temperature was found to be dependent on the move set
rearrangement, in which cad®; is independent ofw. It used in the Monte Carlo simulation and is likely to be con-
might be helpful to see at what length of the chain segmenhected with final, fine arrangement of loops on the square

14

12r

10

Downloaded-11-Jul-2001-t0-128.197.30.205.~FeGOeMu NS u el 183 AP fed3BUgH dRRR)ht, ~see-http://ojps.aip.org/icpoljcper.jsp



2622 Ma, Straub, and Shakhnovich: Collapse of homopolymers

@ | (b)

_10 'l L 1 (] i 1

FIG. 5. Coordinate snapshots for the collapse of the linear 60mer. Results are from GPP dynamics. The graphs)¢¥iqwadjeetion for(a) the initial
snapshot at high temperature il the final collapsed globular structure. The pictures show the clear collapse of the polymer molecule.

lattice. It should be contrasted with the second stage of thand statistical mechanics. The first stage of the folding pro-

GNS scenario—a topological relaxation process which is notess, which has been observed in many protefri§js a fast

possible in the two-dimensional case studied by Chan andollapse to a compact but nonspecific state. This bears re-

Dill. * semblance to homopolymer collapse, and our aim in this
As we emphasized in the Introduction, many features of

protein folding may be understood from polymer principles

@ | ®
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Ry(t/7)
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1Er10lEy20253!})35404155055 5101520253903540455055

FIG. 6. The time dependence of the gyration radii during collapse. The B
curves record the rapid decreaseRgin the early stage of collapse before FIG. 7. Time dependence & for the linear and ring molecules. Lineda)

relaxing to the same value &, for both linear(lines) and ring (circles High and low temperature average afigj intermediate time snapshots.
molecules at the end of the simulation. Results are shown for (M Ring: (c) high and low temperature average ddilintermediate time snap-
lines) and GPRthick lines dynamics. shots. GPP dynamics results are shown.
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FIG. 8. The time dependence of for the linear(lines) and ring (circles FIG. 9. Bond length distributions are presented for three different tempera-
polymers. The curves start from the high temperature average values of y,req The equilibrium length of each bond is equal ¥5.2The calculations

around 1/2 for both polymers, &¢0 an_d follow the collapse in_time. Atthe 5o presented for a linear 60mer. Similar results can be expected for all other
end of the collapséow temperaturg« is equal to 1/3 for the ring polymer systems studied.

and a smaller value for the linear polymer. Results are shown for both MD
(thin lineg and GPR(thick lines dynamics.

adopted an alternative approach. The bond potential aver-

paper was to elucidate its possible kinetic mechanism. Sutged over the density distribution was approximaeichoc
sequent stages of folding include the formation of specific@S

unique structures. In these stages, heteropolymeric effects N-1

are of key importance. Therefore, a natural extension of the  (V)yq.= k2 (Ire—Teea] —1p)2

present study is to consider heteropolymers using the same k=1

simulation methodology. An important element of such stud- N-1
ies would be sequence design, since random heteropolymers =5 2 (Iro— Tk —1p)% (A1)
are unlikely to fold into the stable native state, for kinetic k=1 7 '
31 A H . . . .
reasons:®! This is a subject for future research. As such, there is no contribution frofV)ponqin Vr20<V)- To

test the properties of this representation, we investigated the
ACKNOWLEDGMENTS bond fluctuation of the polymer chain. We calculated the
J. E. S. was supported by the donors of the Petroleurbond length distribution at different temperatures. Figure 9
Research Fund, administered by the American Chemical Sshows a typical bond length distribution at three tempera-
ciety, and a grant from the National Science Foundatioriures. The fluctuations are relatively large at higher tempera-
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tion. A standard result from polymer physics is that at high
temperatures the gyration radil=/13/6N"2 wherel,, is
APPENDIX the length of the bond. We calculated the gyration radius as a

The approximate density distribution used to describefuncuon of the chain lengtiN. Figure 10 shows the size

. . S : dependence of the gyration radius for a broad range of poly-
the LJ homopolymers in our simulation is discussed in daa'ﬂwr sizes. In calculating the, the widths contribute signifi-

e e par o e 103, Btete) Scany, Thereoe f (AL a poor sprosmto, e
most natural to average the harmonic bond potential over thWOUId expect to see an improper scalingRy. In Fig. 10,

e . ) fhe linear fitting of the data shows that the slope is 0.48
density distribution. Doing that results in a term Vrf()(V) which is very close to 1/2. We also calculated the value of

which is prog)ortlonal to the bond force constantThis term | ' from the extrapolation of Fig. 10 thi=1 which provides
dominatesVy (V) makingM, large and negative. The re- 3 value of the bond length equal to 1.48 in the high tempera-
sult is that the widths of the packets shrink too fast andure limit at T=1.5. Meanwhile, we compared this bond
consequently the size of the polymer chain will be signifi-length with the average bond length calculated from the dis-
cantly smaller in the high temperature limit. Hence, wetribution shown in Fig. 9 which is equal to 1.41 &t 1.5.
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where the diameter is 10 A, the mass 100 gm/mol, and the
well-depth 3 kcal/mol, the time unit is approximately 150 ps.
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